Photosynthate translocation in single leaflets of healthv and curly top virus-infected tomatoes was investigated using '4C as a marker. The amount of radioactivity found in plant parts not exposed to '4CO2 was substantially lower in diseased than in healthy plants. The under certain conditions (9-11). Symptoms such as these have also been described for other virus diseases, such as potato leaf roll and beet yellows (4, 12, 13, (16) (17)(18), and a causal relationship between the effect on the phloem and the accumulation in the leaves was suggested long ago (12, see 28 for review). Although it is no longer accepted that phloem necrosis (in potato leaf roll) and phloem gummosis (in beet yellows) are the primary causes of carbohydrate accumulation in the leaves (4, 18), it is conceivable that phloem degeneration can aggravate the general condition by being an additional hindrance to transport (18). It is quite possible also that the phloem suffers serious physiological disturbances before its cytology is visibly affected, as a result of which its function in sugar translocation is inhibited.
Cytological studies have shown that infection by the curly top virus induces a series of degenerative changes in the phloem of its host plants which result in the degeneration and collapse of the tissue (5, 6, 14) . It has been observed, furthermore, that sugars and starch may accumulate in the diseased leaves under certain conditions (9) (10) (11) . Symptoms such as these have also been described for other virus diseases, such as potato leaf roll and beet yellows (4, 12, 13, (16) (17) (18) , and a causal relationship between the effect on the phloem and the accumulation in the leaves was suggested long ago (12, see 28 for review). Although it is no longer accepted that phloem necrosis (in potato leaf roll) and phloem gummosis (in beet yellows) are the primary causes of carbohydrate accumulation in the leaves (4, 18) , it is conceivable that phloem degeneration can aggravate the general condition by being an additional hindrance to transport (18). It is quite possible also that the phloem suffers serious physiological disturbances before its cytology is visibly affected, as a result of which its function in sugar translocation is inhibited.
The actual amount of carbohydrate that moves from infected and uninfected leaves has been measured both in the ' This study was case of leaf roll and the yellows disease by analyzing samples collected in the evening and before sunrise. However, a decrease in transport could be demonstrated only for the leaf roll-affected plants (16) , and accurate determinations of transport were difficult because of the comparatively large variation in carbohydrate content between samples. In the case of beet yellows, diseased and healthy leaves lost comparable amounts of carbohydrate overnight, although the former contained much larger quantities (17). It was concluded that carbohydrate accumulation was not due to inhibited translocation. Although this study seems to leave little doubt about the ability of the diseased phloem to handle all the carbohydrate traffic during the night. it leaves two additional factors to be considered before it can be concluded with certainty that translocation is not inhibited by the yellows infection. First, it is possible that a different situation exists during daytime, when a quasi-steady state situation presumably exists between photosynthesis and export. Second, it is possible that the bulk of transportable carbohydrate was exported from the leaf in much shorter time than the period between sunset and sunrise.
In order to obtain information about daytime translocation and also about the kinetics of export from the leaf, the use of "C as tracer of photosynthate seemed appropriate. The present stLIdy explores this method in the case of the curly top disease.
MATERIALS AND METHODS
Tomato plants (Lycopersicuin esciulentlurn Mill.) 'VF-145' were grown in 12.5-cm pots containing U.C. mix (1) in a smogfiltered greenhouse. Plants were inoculated 23 to 30 days after seeding with CTV Gidding's strain 11 [81 by means of viruliferous leafhoppers (Ciculifer tenelli/s [Baker] ). Disease symptoms appeared 7 to 10 days later. Plants to be utilized in the experiments were selected for uniform size, vigor, and severity of symptoms. Those with very mild or very severe symptoms were discarded.
One day prior to labeling, plants were transferred to al growth chamber with constant temperature (27 + 1 C) and light (400-500 ft-c for 14 hr) conditions. Labeling was performed on single leaflets or on whole compound leaves, usually the third or fourth from the base of the plant, according to methods described elsewhere (7, 1 1). The amount of "CO2 supplied initially was I mc, and the period of labeling varied from 0.5 to 2.5 hr. The Plexiglas assembly used for labeling was equipped with a water jacket to counteract heating effects. The internal temperature in the leaf chamber was constantly monitored with a thermocouple and it never exceeded 27 to 28 C. To collect the residual "CO2 at the end of labeling, a stream of air was passed through the chamber, 'Abbreviation: CTV: cuirly top virUs. 266 and then through a set of six tubes containing a saturated solution of Ba(OH)2. The "C-activity recovered in the precipitate varied from 0.3 to 0.9 of the amount originally released into the chamber.
The distribution of "C within the plant was determined by cutting 1-mm thick slices at various points along the stem and the petioles, and counting with a gas flow detector (Nuclear Chicago Model 186A) without prior drying.
To determine the time course of "C translocation in the rachis and in the petiole, the terminal leaflet of a fully expanded leaf was exposed to "CO. for 30 min, and specific sites on the rachis and in the petiole were continuously monitored thereafter using a Universal Scaler (Tracerlab Model T-2). The window of the Geiger tube was covered with several layers of aluminum foil, and a 4-mm slit was cut through them. During the measurement, the tube window was held against the rachis or the petiole with the slit at right angle to their longitudinal axis. Several measurements were taken with the counting time adjusted so as to reduce the standard deviation of individual measurements below 5%.
The total amount of radioactivity fixed by the leaves was estimated from the radioactivity time curves (see following paragraph), plotted semilogarithmically, by extrapolating back to time zero (7).
The kinetics of disappearance of radioactivity from the leaf blade was studied by labeling single (terminal), fully expanded leaflets for 30 min as described above. Plants were then transferred to a growth chamber (26 C) under continuous illumination. The labeled leaves were supported by wire frames in a horizontal position and at the same distance from the light source. At various time intervals beginning 8 to 15 min after labeling was stopped, three to five leaf discs, 0.4 cm in diameter, were cut from the leaf blade with a cork borer and extracted immediately in boiling 80% (v/v) ethanol (7, 11) . Ethanol-soluble and residual radioactivity (ethanol-insoluble) were counted in a liquid scintillation spectrometer (Packard Tri-Carb Model 2002) using a scintillation fluid containing 5 g of PPO and 0.3 g of POPOP per liter of toluene (7, 17) .
To determine the types of compounds transported in the stem, portions of petiole and stem tissue were extracted in boiling 80% ethanol, concentrated to a small volume, and analyzed by two-dimensional paper chromatography using phenol-water (72% freshly distilled phenol and 28% distilled water by weight) followed by n-butanol plus water (1246 ml + 84 ml) and propionic acid plus water (620 ml + 790 ml) mixed just before use (3, 7) . In addition, fresh cuts were made at various points down the stem with a razor blade, and the small quantity of liquid liberated at the cut surface was delivered directly onto sheets of chromatographic paper (Whatman No. 1) and analyzed similarly. The location of the radioactive compounds was revealed by no-screen medical x-ray film radioautography. The respective spots on the paper were cut, placed in scintilation vials, and counted as before.
RESULTS
Distribution of Photosynthate in the Plant. High levels of "C-activity were found in the petioles of the labeled leaves and in the stem about 1.5 to 2 hr from the start of labeling. Healthy plants had much higher levels of radioactivity in these regions than diseased plants did (Fig. 1) . Most of the exported radioactivity was found in the stem below the treated leaf, indicating that most of the translocated assimilates were on the way to the root. At 24 hr after labeling the distribution of radioactivity in the nontreated leaves showed a vertical gradient (Table I) , with the amount of "C per unit weight decreasing from the uppermost (expanding) to the lowest (mature) leaves (with the exception of course of the treated leaf). No apparent correlation with the geometric arrangement of the leaves was evident.
Kinetics of "C-Transfer in the Rachis and the Petiole. Since the previous findings strongly suggest that translocation of photosynthate is strongly inhibited in CTV-infected tomatoes, we examined the time-course of radioactivity transfer in the The time course curves in Figure 3 represent semilogarithmic plots of radioactivity levels in the leaf lamina at various times after a 30-min labeling. Since the first samples in these experiments were taken 8 to 15 min after labeling was stopped, the curves were back-projected to time zero to obtain the "C content at the end of the labeling period (7, 11) . In two such experiments the amounts fixed (cpm per cm2 of leaf) were 756 10 other. Thus, CTV-infected leaflets contained only 60 to 62% of the amount assimilated by the healthy ones. Decreased photosynthetic activity could, therefore, be partly responsible for the reduced levels of "4C found in the stems and the rachis. Quantitatively, however, the difference in photosynthetic rate is quite moderate compared to that of export.
Kinetics of "4C-Disappearance from the Lamina. To eliminate some of the ambiguities inherent in the previous experiments with regard to the comparative translocation and fixation rates, and to determine whether or not increased amounts of 4C were present in diseased leaves as insoluble polymers, we conducted experiments to measure the kinetics of loss of recent (short term administered) "4C-assimilate from the lamina. In the 24-to 30-hr period following exposure of single leaflets (terminal) to 14CO2 for 20 to 30 min, the over-all decrease in 4C-content was considerably smaller in infected plants than in healthy (Fig. 3) . Loss was rapid at the beginning and became progressively slower as time passed. The initial washout rates, expressed as per cent loss per hour, were roughly 2-to 4-fold slower for the total radioactivity and 2-to 5-fold slower for the ethanol-soluble fraction in diseased than in healthy leaves (Table II). The rate of loss of insoluble 14C was quite low and not consistently different between healthy and diseased plants. The amount of '4C-assimilate that was subject to loss by slow processes and the residual radioactivity remaining in the leaf at 24 hr after labeling were considerably higher in diseased leaves than in healthy ones. Moreover, it appeared that increased retention of "4C within the lamina was not caused by increased immobilization into insoluble forms. '4C-Activity in the ethanol-insoluble fraction did not increase after labeling (Fig. 3) .
Chemical Identity of Transport Sugar. It has been reported (2) that whereas the sugar of translocation in healthy potato is sucrose, in plants infected with leaf roll it is hexose. Although this finding has not been further substantiated, it prompted us to determine whether such a situation existed in curly top infected tomato plants. In the paper chromatograms prepared from stem extracts or from freshly made stem sections, several radioactive compounds were found. For both healthy and diseased plants the predominant one was sucrose, with glucose and fructose containing much smaller quantities of radioactivity. The fresh-cut method produced fewer spots on the chromatogram, and only sucrose was found when cuts were made at distant points on the stem. The above results and also the increase in the "4C-sucrose to 14C-hexose ratio with distance (Table III) indicated that in healthy and CTV-infected tomatoes the predominant compound involved in basipetal carbon transport was sucrose.
It may be noted (Table III) that the ratios of radioactivities of sucrose to hexose were higher in CTV-infected plants.
DISCUSSION
These studies demonstrated that CTV-infected tomato leaves strongly retain indigenous assimilate. As reported elsewhere (7) infection by the potato leaf roll virus caused similar aberrations in Physalis floridana. Whereas no kinetic studies were conducted in the latter case, it was evident that export from the diseased leaves was strongly reduced.
The disease apparently did not change the role of sucrose as the predominant translocation sugar in this plant.
Assuming a constant supply of material through photosynthesis, any quantity remaining in the blade longer than normal would promote accumulation. From our kinetic data it is evident that the portion of photosynthate that is lost from the leaf by slow processes is larger in CTV-infected plants than in Preferential retention of recent assimilate by CTV-infected tomato leaves was not due to its immobilization into insoluble forms. Therefore, other reasons, such as interconversion between various soluble compounds, and the rates of turnover of those that are exported or respired away Inust be responsible. Analytical data reported elsewhere (11) indicate that the total rate of sucrose turnover was greatly reduced by the disease, and that larger quantities of radioactive hexoses (glucose and fructose) accumulate in the leaves during the hours following pulse-labeling and transfer to normal air. This was also true for potato leaf roll virus-infected Physalis floridana (7) . Since these hexoses are presumably derived from sucrose, which appears to be the predominant compound translocated in the plant, it can be suggested that a larger proportion of photosynthetic sucrose is converted into the less translocatable sugars and, thus, diverted away from the mainstream of translocation. This suggestion also agrees well with the findings that hexoses accumulate in very large quantities in potato leaf roll virusinfected potatoes (16) , beet yellows virus-infected sugar beets (17), and CTV-infected tomato and sugar beet (9, 10) .
In conclusion, our data show that CTV infection decreased the rate of photosynthesis in tomato leaves by 40%, and also the daytime translocation of photosynthate without causing increased conversion into insoluble compounds. A kinetic analysis of the 14C-labeled sugars in healthy and diseased leaves will be reported elsewhere (1 1) .
